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Abstract  
Nano Zero valent iron (Fe0) were reported as an effective material for azo dye 
removal, however, similar to other nano-materials, ultra-fine powder has a strong 
tendency to agglomerate into larger particles, resulting in an adverse effect on both 
effective surface area and catalyst performance. Here we report nano sized Fe0 
particles dispersed onto the surface of natural bentonites. X-ray diffraction was used 
to study the sample phases. Scanning electron microscopy and transmission electron 
microscopy were applied to study the morphology and morphological changes. 
Spherical individual Fe0 particles were observed after dispersion onto bentonites, and 
these samples were used for orange II (OII) decolourization with wide working pH 
range. Higher reactivity is attributed to good dispersion of Fe0 particles on clay 
minerals’ surface. This study is significant for providing novel modified clay based 
catalyst materials for the decolourization of azo dye contaminants from wastewater.  
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1. Introduction 
Textile, tannery, paper, printing, paints, rubber and plastic industries release 
huge amount of dyes into the environment. Some of these dyes and their 
biodegradation products are very toxic and usually relative stable in the environment 
that make the treatment of dye wastewater more difficult. In order to remediate this 
pollution problem, several physical, chemical and biological processes have been 
evolved so far for dye effluent treatment. Among them, adsorption has been proven to 
be an effective and attractive mechanism in the decolourization process of dye waste 
water (Gupta et al., 2006; Han et al., 2007; Tong et al., 2010; Wang et al., 2006; 
Wang and Zhu, 2006; Zhou, 2010). In this context, the use of clay materials has 
obtained considerable attention due to their inexpensive availability, environmental 
stability and high adsorptive and ion exchange properties (Churchman et al., 2006; 
Gurses et al., 2006; Iyim and Guclu, 2009; Miyamoto et al., 2000). However 
desorption is still a potential problem which may put limitations on practical 
application.  
In recent years, reactions involving reductive/catalytic materials are becoming 
a more ideal way, which may degrade organic contaminants to completely harmless 
or less harmful final products. Among these catalysts, Fe0 in the last decade has 
increasingly been used for ground water remediation and hazardous waste treatment 
(Cantrell et al., 1995; Cho and Park, 2006; Dombek et al., 2001; Ghauch et al., 1999; 
Noubactep, 2009a; Noubactep, 2009b; Noubactep et al., 2009; Uzum et al., 2008). 
These Fe0 materials were proposed as a reactive material in permeable reactive 
barriers due to its great ability in reducing and stabilizing different types of pollutants 
(Ahn et al., 2003; Cundy et al., 2008; Scherer et al., 2000). It has many advantages 
such as nontoxic, as iron is abundant in nature, lower price and high activity. This 
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material with particle size at nano-scale could exhibit superior activity because of the 
larger surface area and higher reactivity (Uzum et al., 2008). Fe0 has been reported as 
an effective material for azo dye decolourization via adsorption, reduction and 
catalysis mechanisms (Fan et al., 2009a). However, similar to many other nano-
materials, this ultra-fine powder has a strong tendency to agglomerate into larger 
particles, resulting in an adverse effect on both effective surface area and catalyst 
performance; while another disadvantage of this material is the separation and 
recovery of the fine particles after usage. It is also likely that Fe0 powder may be 
oxidized quickly and even catch fire when exposed to atmosphere (Celebi et al., 2007). 
Using a supporting material for nano-sized Fe0 is a promising way to solve these 
problems. Until now, only very limited case studies on Fe0 dispersion onto inorganic 
clay minerals were reported (Frost et al., 2010; Shahwan et al., 2010; Uzum et al., 
2009; Zhou et al., 2006). Clay minerals as abundant natural resources are suitable 
candidates to work as supporting materials (Harvey and Lagaly, 2006; Zhang et al., 
2010); their adsorption capacity may help to attract contaminants to the surface and 
thus enhances the efficiency of dispersed catalyst.  
In this study, Orange II (4-(2-Hydroxy-1-naphthylazo) benzenesulfonic acid 
sodium), which is non-biodegradable in nature and known to induce cytogenetical 
changes in animals (Prasad and Rastogi, 1982) was selected as a model azo dye. Two 
Australian bentonites were investigated as supporting materials for ZVI particles. The 
present study is aimed to synthesize and investigate well dispersed Fe0 onto 
bentonites and to examine the effectiveness of materials in immobilization and 
catalytic degradation of OII from aqueous solution. To our best knowledge, there is 
no report till date on the decolourization of orange II using Fe0/bentonites, where Fe0 
particles when well dispersed showed high efficiency toward this contaminant. The 
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modified clay minerals were characterized by X-ray diffraction (XRD), Scanning 
Electron Microscope (SEM) with element mapping and Transmission Electron 
Microscope (TEM). The effects of Fe0 dispersion onto two bentonites on the 
decolourization abilities were compared and evaluated. The effects of initial pH 
values were investigated and appropriate equilibrium time for decolourization was 
standardized by carrying out batch experiments.  
 
2. Experimental 
2.1. Materials and preparation 
One natural bentonite used in this study was supplied by Pacific Enviromin 
Ltd, which originates from Queensland, Australia and was denoted as BentQ. The 
other bentonite was supplied by Watheroo Minerals Pty. Ltd from Western Australia 
and was denoted as BentW. The clay samples were passed through a 200 mesh sieve 
before use. The cation exchange capacities (CEC) of BentQ and BentW are 66.7 and 
53.5 meq/100 g respectively as determined by the ammonia electrode method (Borden 
and Giese, 2001). Sodium borohydride (NaBH4) 98.5%, Iron (II) chloride tetrahydrate 
(FeCl2·4H2O) 99%, absolute ethanol, hydrogen chloride and OII were obtained from 
Sigma-Aldrich and used without further purification.  
In a typical procedure of Fe0 preparation, 21.36 g of FeCl2·4H2O was 
dissolved in a mixture of absolute ethanol and deionized water (96 ml ethanol + 24 ml 
H2O), this mixture was denoted as solution A. while 12.2 g of NaBH4 was dissolved 
in 400 ml of H2O to form 1M solution, denoted as solution B. Then solution B was 
added drop by drop to solution A in a fume hood, the resulting reaction can be 
expressed as Fe2+ +2BH4− +6H2O → Fe0 +2B(OH)3 +7H2↑, black particles of Fe0 
appeared and then the mixture was further stirred for 2hrs. Iron powder was separated 
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from the solution by centrifugation at 3000 rpm and then the sediment was washed 
with 400 ml ethanol twice and dried in a 50 °C oven without air evacuation overnight. 
Fe0 impregnated bentonites were prepared by the following steps, similar to 
some reported studies (Shahwan et al., 2010; Uzum et al., 2009): (a) 5 g of BentQ or 
BentW was suspended in 300 ml of 1 M NaBH4, the mixture was stirred using a 
magnetic stirrer for 2 h. (b) 10 g of FeCl2·4H2O was dissolved in mixture of absolute 
ethanol and deionized (DI) water (150 ml ethanol + 50 ml H2O), (c) the FeCl2 
solution (b) was added drop by drop to suspension (a) and further stirred for 1 h, then 
obtained black coloured solid was centrifuged and washed three times with ethanol 
and dried in 50 °C oven without air evacuation overnight, these Fe0 dispersed clay 
minerals were denoted as Fe0BentQ and Fe0BentW, respectively. 
2.2. Characterization methods 
2.2.1. X-ray Diffraction (XRD) 
The samples were pressed in stainless steel sample holders. X-ray diffraction 
(XRD) patterns were recorded using CuKα radiation (n = 1.5418 Å) on a Panalytical 
X’Pert diffractometer operating at 40 kV and 40 mA between 5 to 90° (2θ) at a step 
size of 0.0167°.  
2.2.2. Scanning Electron Microscopy (SEM) with EDX and Transmission 
Electron Microscopy (TEM) 
A Philips XL30 scanning electron microscope (SEM) with integrated energy 
dispersive X-ray analyser (EDX) system was used for morphological studies. Samples 
were dried at room temperature and coated with carbon for the SEM studies.  
A Philips CM 200 transmission electron microscope (TEM) at 200 KV was 
used to investigate the microstructure of the Fe0/bentonite. Samples were dispersed in 
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a 50% ethanol solution and then dropped on carbon-coated films and dried for TEM 
studies. 
2.3. Orange II decolourization tests 
Because of the reliability and simplicity of batch model, pH effects on OII 
decolourization experiments were conducted by batch technique at room temperature 
(25 °C). In a typical experiment, 0.1 g of sample was placed into a 50 mL centrifuge 
tube containing 25 mL of approximate 100 mg/L OII solution at certain pH (measured 
with an Orion 3 star pH meter from Thermo Electron Corporation). The suspension 
was shaken for certain period of time on a rotating shaker (RATELC Instrument Pty 
LTD, Vic, Australia). The solid phase was separated by centrifugation at 4000 rpm for 
15 min (Multifuge 3 S-R, Hevaeus, Kendo Laboratory Products, Germany). Then the 
supernatant was removed by syringe and filtered using 0.45 µm MCE (Mixed 
Cellulose Ester) syringe filter. Equilibrium time effects on OII decolourization were 
examined in a beaker using 1 g of sample with 250 ml of 100 mg/L OII solution at 
natural pH and room temperature, and then the same above mentioned procedures 
were followed for separation.  
Dye concentrations in the clear filtered supernatant liquid were determined 
spectrophotometrically on an Agilent 8453 UV-VIS Spectroscopy system by 
measuring absorbance at kmax of 485 nm for OII. The amount of OII removed was 
calculated from the difference between the initial and final/equilibrium solution 
concentrations; solid-phase loading of OII, qe (mg/g) was computed from the mass 
balance: qe = V(Ci – Ce)/M; where, Ci and Ce are total dissolved and equilibrium 
liquid phase concentration (mg/L), respectively, and M is the dose of sample (g/L), V 
is the volume of the solution (mL). Blank experiments were also performed using 
solutions without materials in order to check any possible loss from adsorption onto 
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the surface of centrifuge tube/syringe/filters and the results showed that the adsorption 
onto surfaces were negligible. All working solutions were prepared from 1000 mg/L 
OII stock solution diluted with deionized water and all experiments were carried out 
in duplicate. 
 
3. Results and discussion 
3.1. X-ray diffraction (XRD) 
The XRD patterns of laboratory prepared Fe0, unmodified bentonites and Fe0 
dispersed bentonites are shown in Fig. 1. An intense reflection at around 2.02Å was 
observed for lab prepared Fe0, which was a characteristic reflection for Fe0 from the 
110 plane of Fe (Celebi et al., 2007). Some researchers suggested a core-shell 
structure where the Fe nano-particles may form a core of main Fe0 with a shell made 
of iron oxides (Fan et al., 2010; Li et al., 2006; Li and Zhang, 2007; Liu et al., 2005; 
Noubactep, 2009a; Nurmi et al., 2005; Sun et al., 2006). Due to surface hydroxylation, 
FeOOH phase(Xia et al., 2010) was observed in some study too (Sun et al., 2006), 
however it was not detected using XRD in this study, which may due to the low 
crystallinity of the phase. Weak reflections at about 1.43Å (200 plane) and 1.17Å 
(211 plane) were also observed for this sample from iron which was in accordance 
with a literature (Xu and Wang, 2011) .  
For unmodified bentonites – BentQ and BentW as shown in Fig. 1, the 
reflections observed at 12.62 Å and 13.26 Å were prominent and attributed to the (001) 
basal spacing of bentonites. After BentQ was modified with Fe0, the basal spacing 
slightly increased from 12.62 Å to 12.95 Å which meant some iron contents were 
intercalated within layers, and for BentW sample, this reflection also shifted to lower 
angle, which was attributed to the intercalation of iron too. Intense reflections at 4.25 
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Å and 3.34 Å were from quartz impurity in BentQ and BentW (Post and Crawford, 
2007). After Fe0 particles were dispersed onto bentonites, no obvious iron reflection 
at 2.02 Å was observed, but the (001) reflections were well preserved. The absence of 
strong iron reflection may be due to the small amount of Fe0 dispersed on clay 
minerals or due to the low crystallinity of iron phase after bentonite modification.   
3.2. Scanning and transmission electron microscopy 
The SEM image of laboratory made Fe0, as shown in Fig. 2A, demonstrated a 
morphology where chain-like structure with floc aggregates was observed similar to 
that reported in some studies (Fan et al., 2009b; Shahwan et al., 2010; Sun et al., 2007; 
Uzum et al., 2008). This chain-like morphology was caused by magnetostatic 
attraction between the iron particles(Fan et al., 2010). SEM was also used to study the 
morphology and morphological changes of two bentonites and their Fe0 modified 
samples. There were not many morphological differences observed between 
Queensland and Western Australian bentonites as shown in Fig 2B and Fig 2C, 
respectively. The unmodified bentonites showed some small/large flakes in irregular 
shapes, and in some places massive, aggregated morphology can also be observed, 
and there were a large number of flakes with severely curled or crumpled structures, 
especially as observed in Fig. 2B. 
The morphological differences between unmodified bentonites and Fe0 
modified bentonites were not significant, but the most obvious changes came from the 
small individual Fe0 particles which can be observed on the surface of clay minerals 
as shown in Fig. 2D and Fig. 2E. And iron was in form of spherical particles which 
was very different from pure Fe0, where chain-like structure was observed. This 
observation of well dispersed iron particles was also in accordance with some 
published results(Fan et al., 2009b; Fan et al., 2010). In addition, good dispersion of 
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iron particles were recorded, and though it was possible that in some areas mixtures of 
chain-like structured Fe0 and bentonites may co-exist as reported (Shahwan et al., 
2010), but it was not observed in this study; In addition, higher efficiency on 
decolourization of OII, as will be discussed below, can also confirm that the prepared 
materials were not simple mixtures of Fe0 and bentonite, as otherwise, much lower 
efficiency should be obtained.  
TEM study confirmed the observation obtained from SEM and it allowed a 
closer observation on prepared sample surface. A TEM image of Fe0 is shown in Fig. 
2F, where chain-like structures were demonstrated similar to that observed in Fig. 2A 
using SEM, but with higher magnifications. The inset in Fig. 2F shows some details 
of these chains, where it was likely that these chains were connected by individual 
spherical shaped basic units. However, when Fe0 was dispersed onto the surface of 
bentonites, significant differences can be observed using TEM, which showed chains 
were not predominant anymore, instead, these basic units were separated and 
presented as individual spherical shapes particles, Fig. 2G shows a detailed image of a 
Fe0 particle. It was also reported in a literature that the size of iron particles can be 
controlled by varying the iron salts added amount(Fan et al., 2010).  
Imaging of EDX spectrum (as shown in Fig. 3) further showed a series of 
elements distributions on the surface of Fe0BentQ, where Fig. 3a shows a SEM image 
of the studied area, Fig. 3b shows the distribution of C element, as C was mainly from 
the carbon coating and adhesive carbon tape as was shown by the bright points. Fig. 
3c, 3d, 3e and 3f show the signals of O K, Si K, Al K and Mg K respectively which 
were mainly from clay minerals (as these bentonites have two siloxane tetrahedral 
sheets sandwiching an aluminium octahedral sheet, 2:1 structure). Fig. 3g shows the 
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Fe K signal, where good distribution of element Fe was confirmed on the surface of 
bentonites.  
3.3 OII decolourization results 
3.3.1 Influence of pH on OII removal  
The effect of initial pH on the adsorption/decolourization of OII on 
unmodified bentonites, Fe0-bentonites and Fe0 only were examined at 25 °C by 
equilibrating 0.1 g of sample with 25 mL of around 100 mg/L OII solutions with pH 
values varying from 4 to 10.  Initial pH values were adjusted using either diluted HCl 
or NaOH. Amount of OII adsorbed on the centrifuge tube, syringe and syringe filter 
was found to be negligible. The amounts of OII removed and removal rates (%) are 
shown in Table 1. There was no noticeable adsorption of OII on BentQ, and BentW 
was able to absorb only a negligible amount of the dye, around 0.1 % to 2 %. No 
further adsorption studies were undertaken on unmodified clay minerals (data were 
not shown either).  
This demonstrated that OII, which had negative sulfonate groups, was repelled 
by negatively charged bentonite surface. However when bentonites were modified 
with Fe0, significant decolourization of OII can be observed, as shown in Table 1. 
The decolourization capacity varied only slightly with the change of initial pH. The 
highest removal rate % of OII on Fe0BentQ, Fe0BentW and Fe0 were 95 %, 94 % 
and 98 % respectively. And at natural pH of OII (around 5.8), the capacity of 
decolourization on Fe0BentQ and Fe0 were quite comparable too, though Fe0BentW 
had less removal capacity towards OII which was at around 81 %. The variation on 
OII removal amount with respect to pH values on Fe0BentQ was not significant, over 
95 % removal rates can be observed at different pH values. It demonstrated that this 
Fe0 modified BentQ can work at a wide pH range. There was some variation on 
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removal capacities towards OII on Fe0BentW, which was from 81% to 94 %. This 
variation on removal amount with respect to pH values may be explained by the 
change of surface charge on Fe0BentW. As there are a large number of terminal 
silicate tetrahedral units that are present at the external surfaces of clay mineral. 
Broken Si–O–Si bonds usually compensate for their residual charge by accepting a 
proton or a hydroxyl and thus converts to Si–OH group (Aiban, 2006). These groups 
may be protonated or deprotonated depending on pH values. The higher adsorption 
capacity of the dye onto organoclay at low pH values may be due to neutralization of 
the negative charge at its surface, while at high pH, OH− groups on the surface of 
adsorbent may repel the anionic dye molecules.  
3.3.2 Influence of equilibrium time on OII decolourization  
In order to optimize decolourization time, at natural pH of 5.8, a set of 
experiments were performed equilibrating 250 mL of approximate 100 mg/L OII 
solution with 1 g of Fe0 or Fe0 dispersed bentonites. The suspensions were shaken at 
25 °C for certain period of time (5, 10, 20, 30, 60, 90, 120, 180, 240 and up to 300 
min), then the dye concentration was measured to calculate the concentration of 
remained OII in solution. Fig. 4 shows the time dependent OII decolourization curve 
for the investigated samples. Firstly, for all three samples, with the increase of 
equilibrium time, the amount of OII removed was increased and the final 
concentrations of OII were observed at similar levels, which meant the 
decolourization capacities for all samples were comparable; In all three cases, the OII 
concentration was reduced from initial 96.5 mg/L to usually lower than 3 mg/L.  
The decolourization results showed that though Fe0BentQ and Fe0BentW 
contained less iron content, they can remove as much OII as that of pure Fe0. It 
demonstrated that the good dispersion of Fe0 particle on clay mineral’s surface had 
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increased the reactivity of iron. It also confirmed our observation using SEM which 
showed good dispersion of Fe0 particles on bentonites’ surface and this high 
efficiency can’t come from simple mixture of Fe0 and bentonite either, it must come 
from the good dispersion of Fe0 particles which brought higher efficiency; otherwise, 
the decolourization capacities should be much lower considering the lower content of 
iron. 
Generally, the equilibrium can be reached faster at Fe0BentQ and Fe0, but not 
for Fe0BentW which took longer time to reach the equilibrium. For Fe0BentQ and 
Fe0, there were dramatic decreases of OII concentration within the first 5 min. But for 
Fe0BentW, the concentration of OII decreased gradually up to 90 min with around 
14.6 mg/L left in the solution and afterwards a small platform was observed, and then 
the concentration was further decreased from 120 min to 180 min until the 
equilibrium was finally reached.  
The decolourization mechanism can be the reduction of OII by the cleavage of 
the azo bond and the formation of the by-products by Fe0 species. As revealed in 
literature, the Fe0 particles can react with H2O or H+ to generate atom H, which may 
induce the cleavage of azo bond, thus it can destroy the chromophore group and 
conjugated system of azo dye (Fan et al., 2009a). Fe0 modified BentQ or BentW 
showed comparable results with that of Fe0. It may because that the Fe(0) on clay 
mineral surface has higher reactivity and could corrode more rapidly, especially when 
these particles are well dispersed on the surface of clay minerals, thereby showed 
significant higher reactivity in the OII decolourization than pure Fe0. Iron oxides can 
also form due to corrosion such as Fe2O3, Fe(OH)3, and FeOOH which can also work 
as adsorbents for dye removal (Fan et al., 2009a; Li et al., 2006; Liou et al., 2005; 
Mielczarski et al., 2005).  
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The UV-Visible spectra of OII decolourization on Fe0, Fe0BentQ and 
Fe0BentW are shown in Fig. 5A, Fig. 5B and Fig. 5C, respectively. There was a 
strong and broad absorbance band at around 485 nm (at 0 min) for all three samples, 
which was ascribed to the azo dye. After 5 min of reaction, the intensity of the band at 
485 nm became very weak, and a new band at around 248 nm can be detected, which 
was possibly ascribed to sulfanilic acid from the cleavage of azo bond (Fan et al., 
2009a). In Fig. 5C, the intensity of the band at 485 nm decreased gradually from the 
beginning of the reaction up to 60 min, and then the intensity deceased further from 
90 min to 120 min, and from 180 min, this band was not easily detected. The peak at 
248 nm appeared only after 60 min of reaction and the intensity was increased 
afterwards, which had confirmed that for Fe0BentW, the decolourization followed a 
different procedure compared with that in other two samples. Further work will be 
needed to optimize the OII decolourization procedure and to reveal the reason for 
different decolourization behaviour on two Fe0 dispersed bentonites. 
 
4. Conclusions 
The Fe0-clay hybrid materials were successfully synthesized by a reduction 
method. The XRD results revealed the phase of Fe0, and SEM demonstrated the 
morphology and morphological changes of two unmodified and Fe0 dispersed 
bentonites, where spherical shaped Fe0 particles were observed on the surface after 
Fe0 were dispersed. TEM gave detailed images of Fe0 and Fe0 onto bentonites, which 
also confirmed the observation from SEM studies. Energy dispersive X-ray (EDX) 
spectrum mapping technique approved good distribution of iron particles on the 
surface of clay minerals. Fe0-bentonites, unmodified bentonites and pure Fe0 were 
used for orange II decolourization in aqueous. Compared to Fe0, Fe0 particles on clay 
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minerals had better distribution and reactivity toward azo dye. These two materials 
were applicable at a wide range of pH and though different removal behaviour was 
observed on two Fe0-bentonites, the amount of OII removed for all samples were 
comparable, in all three cases, the OII concentration can be reduced from initial 96.5 
mg/L to usually lower than 3 mg/L.  
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Table 1 Initial pH effects on OII removal rate (%) and amount (mg/g) 
Sample Ini. 
pH 
Ini. 
Conc.(mg/L) 
Equiv. Conc. 
(mg/L) 
Removal rate 
(%) 
Removed 
(mg/g) 
Fe0BentQ 4.06 98.10 4.33 95.59 23.44 
Fe0BentQ 5.8 97.68 4.39 95.50 23.25 
Fe0BentQ 8.03 97.87 4.33 95.58 23.41 
Fe0BentQ 8.94 98.26 4.26 95.66 23.43 
Fe0BentQ 9.89 96.61 4.09 95.76 23.13 
Fe0BentW 4.06 98.10 6.29 93.59 22.97 
Fe0BentW 5.8 97.68 18.26 81.30 19.83 
Fe0BentW 8.03 97.87 5.34 94.55 23.06 
Fe0BentW 8.94 98.26 5.57 94.33 23.17 
Fe0BentW 9.89 96.61 17.55 81.83 19.67 
Fe0 4.06 98.10 3.18 96.75 23.68 
Fe0 5.8 97.68 3.80 96.11 23.47 
Fe0 8.03 97.87 3.85 96.06 23.36 
Fe0 8.94 98.26 1.53 98.44 24.18 
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Fe0 9.89 96.61 3.24 96.64 23.16 
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